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BioinformaticsOperon-like arrangements of genes occur in eukaryotes ranging from yeasts and ﬁlamentous fungi to nema-
todes, plants, and mammals. In plants, several examples of operon-like gene clusters involved in metabolic
pathways have recently been characterized, e.g. the cyclic hydroxamic acid pathways in maize, the avenacin
biosynthesis gene clusters in oat, the thalianol pathway in Arabidopsis thaliana, and the diterpenoid
momilactone cluster in rice. Such operon-like gene clusters are deﬁned by their co-regulation or neighboring
positions within immediate vicinity of chromosomal regions. A comprehensive analysis of the expression of
neighboring genes therefore accounts a crucial step to reveal the complete set of operon-like gene clusters within
a genome.Genome-wide prediction of operon-like gene clusters should contribute to functional annotation efforts
and provide novel insight into evolutionary aspects acquiring certain biological functions as well. We predicted
co-expressed gene clusters by comparing the Pearson correlation coefﬁcient of neighboring genes and randomly
selected gene pairs, based on a statistical method that takes false discovery rate (FDR) into consideration for
1469 microarray gene expression datasets of A. thaliana. We estimated that A. thaliana contains 100 operon-like
gene clusters in total. We predicted 34 statistically signiﬁcant gene clusters consisting of 3 to 22 genes each,
based on a stringent FDR threshold of 0.1. Functional relationships among genes in individual clusters were
estimated by sequence similarity and functional annotation of genes. Duplicated gene pairs (determined
based on BLAST with a cutoff of Eb10−5) are included in 27 clusters. Five clusters are associated with
metabolism, containing P450 genes restricted to the Brassica family and predicted to be involved in secondary
metabolism. Operon-like clusters tend to include genes encoding bio-machinery associated with ribosomes, the
ubiquitin/proteasome system, secondary metabolic pathways, lipid and fatty-acid metabolism, and the lipid
transfer system.
© 2012 Elsevier B.V. Open access under CC BY-NC-ND license. 1. Introduction
Operons, clusters of co-regulated genes with related functions, are
well-known features of prokaryotic genomes, ﬁrst identiﬁed in
Escherichia coli (Jacob et al., 1960). Operons are involved in fundamental
mechanisms of bacterial gene regulation. Co-regulated functional gene
clustering also occurs in eukaryotes, ranging from yeasts and ﬁlamen-
tous fungi to nematodes, plants and mammals reviewed in Hurst et al.ust multi-array average; GO,
nce Laboratory of Comparative
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-NC-ND license. (2004) and Koonin (2009). The members of eukaryotic gene clusters
contribute to common functions, but do not usually share sequence sim-
ilarity (Osbourn and Field, 2009). These gene clusters therefore represent
functional gene organizationswith operon-like features (physical cluster-
ing and co-regulation); however, except in some species such as
kinetoplastids (Clayton, 2002) and nematodes (Blumenthal and
Gleason, 2003; Guiliano and Blaxter, 2006; Qian and Zhang, 2008), the
genes are not usually transcribed as a single mRNA, as is the case in
prokaryotes.
Neighboring genes in genomes of several eukaryotes including
plants, fungi and animals, tend to be more frequently co-expressed
than would be expected simply by chance (Hurst et al., 2004) and
the genome of higher eukaryotic genomes contain up to 12% of
genes arranged in functional neighborhood with high level of gene
co-expression (Al-Shahrour et al., 2010). The present study assumes
Table 1
GeneChip used in the present study.
Tissue The number of
experimental conditions
Total number of
experiments
Aerial part 16 35
Cell suspension 6 18
Cotyledons 4 9
Flower 27 75
Hypocotyl 5 14
Leaf 118 327
Petiole 3 9
Pollen 4 9
Root 85 181
Rosette leaves 22 66
Seedling 179 430
Shoot 74 154
Shoot apex 24 52
Stamen 2 6
Stem 7 17
Tumor 2 4
Whole plant 21 63
Total 599 1469
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transcription factors or biological process, while “co-expressed”
genes correspond to those having similar proﬁles in the context of
microarray data. In Arabidopsis thaliana, divergently and convergently
transcribed neighboring gene pairs show very similar level of
co-expression mediated most likely by shared chromatin environment
(Chen et al., 2010). Strongly correlated expression levels between
divergent and convergent genes were found to be quite common in
rice, Arabidopsis and populus (Krom and Ramakrishna, 2008). Ren et
al. (2007) reported that in rice, local co-expression domains range
from predominantly two genes up to four and make up ~5% of the
genomic genes. Several operon-like gene clusters have been discovered
in pathways governing biosynthesis of benzoxazinones in maize (family
Poaceae) (Bailey and Larson, 1991; Frey et al., 1995, 1997; Gierl and
Frey, 2001; Niemeyer, 1988), avenacin in oat (Mylona et al., 2008;
Osbourn et al., 1994; Papadopoulou et al., 1999; Qi et al., 2004, 2006),
momilactone in rice (Shimura et al., 2007), and the triterpene thalianol
in Arabidopsis thaliana (Field and Osbourn, 2008). In maize, genes
corresponding to ﬁve steps of the pathway that converts indole to the
benzoxazinone 2,4-dihydroxy-1,4-benzoxazin-3-one (DIBOA) are clus-
tered on chromosome 4 (Frey et al., 1997); four of these genes belong
to the P450 family (Bailey and Larson, 1991; Frey et al., 1995, 1997;
Gierl and Frey, 2001). The expression of the pathway is developmentally
regulated; the highest benzoxazinone levels are displayed at four days
after germination, both in root and shoot. Benzoxazinones are involved
in the general defense mechanisms of the seedling (Niemeyer, 1988). In
oat, a cluster of seven genes is involved in the avenacin biosynthesis path-
way (Mylona et al., 2008; Qi et al., 2004). Conversion of beta-amyrin to
avenacin A-1 requires oxidation at ﬁve different sites; all of these conver-
sions could be accomplished by cytochrome P450 enzymes (Qi et al.,
2006). Avenacin A-1 accumulates in the epidermal cells of oat roots,
where it confers broad-spectrum resistance to attack by soil-borne path-
ogens (Papadopoulou et al., 1999), and its synthesis is highly localized
(Osbourn et al., 1994). Seven genes involved in the avenacin biosynthesis
pathway are clustered in the genomeand are expressed speciﬁcally in the
root (Qi et al., 2004, 2006). Four genes encoding enzymes of the thalianol
biosynthetic pathway ofA. thaliana, including two cytochrome P450 fam-
ily members, are clustered in genome and are coordinately regulated
(Field and Osbourn, 2008). In rice, the genes involved in synthesis of
the diterpenoid momilactone are located in a cluster on chromosome 4;
their regulation is also coordinated following treatment with a chitin
oligosaccharide elicitor (Shimura et al., 2007). The gene cluster is
comprised of a momilactone synthase gene, two P450 genes and
two diterpene cyclase genes. Therefore, operon-like gene clusters
in plants comprise functionally related genes.
Neofunctionalization of duplicate genes occurs in cytochrome P450
enzymes in plants (Matsuno et al., 2009), and appears to result in
novel gene organizations associated with metabolic function, leading
to the formation of operon-like gene clusters (Field and Osbourn,
2008; Flowers and Purugganan, 2008). It is noteworthy that operon-
like gene clusters in genomes have biological signiﬁcance. Such clusters
are associated with defensive systems such as allelopathy, phytoalexin
production, and xenobiotic defenses. In A. thaliana, some local neigh-
boring genes assigned in the same pathway have the tendency to be
co-expressed (Ren et al., 2005;Williams and Bowles, 2004). According-
ly, detection of co-expressed gene clusters is an effective way to assign
unknown genes to metabolic pathways. Operon-like gene clusters can
be identiﬁed by integrating expression proﬁle data and information
about position of genes on the genome.
In the present study, we estimated total number of gene clusters in
A. thaliana utilizing publicly available 1469 expression proﬁle data
based on a method with false discovery rate (FDR). Here, we assumed
‘operon-like gene cluster’ as consecutively neighboring gene clusters
having statistically signiﬁcant correlation coefﬁcient between their ex-
pression proﬁles. Those clusters were characterized by functional prop-
erties based on sequence similarity and annotations of gene function.2. Materials and methods
2.1. Array data used in the present study
We compiled 1469 A. thaliana expression proﬁles measured by
ATH1 Genome Arrays listed in Table 1 from the following sources: The
Arabidopsis Information Resource (TAIR) (Huala et al., 2001) (977
Arrays; http://www.arabidopsis.org/portals/expression/microarray/AT
GenExpress.jsp ), European Arabidopsis Stock Centre (NASC) (474 Ar-
rays; http://affymetrix.arabidopsis.info/narrays/help/helpindex.html ),
and Gene Expression Omnibus (GEO) in NCBI (18Arrays; http://www.
ncbi.nlm.nih.gov/geo/ ). The ATH1 Genome Array consists of 22,591
genes spotted in GeneChip®.
2.2. Normalization of intensities based on uniﬁed method
We ﬁrst normalized all of the gene expression intensities for the 1469
expression proﬁles by Robust Multi-array Average (RMA) (Bolstad et al.,
2003; Irizarry et al., 2003), using the Affy package in Bioconductor. We
used the average intensities from iterative experiments as representative
values for individual experiments. Ultimately, 599 different experimental
conditions were taken into account. All the gene expression data utilized
in the present work were also utilized in a previous work (Fukushima
et al., 2008) and is available in the supplementary material of that work.
2.3. Comparison of distribution of correlation coefﬁcients between random
gene pairs and targeted gene pairs
We estimated the statistical signiﬁcance of the distribution of corre-
lation for targeted gene pairs in comparison with those of randomly se-
lected gene pairs, based on χ2-statistics. We considered 14 sets of
targeted gene pairs, as described in Results and Discussion. To construct
the random set Srand, we sampled a signiﬁcantly large number of corre-
lation coefﬁcients (10 times the number of gene pairs in a targeted set)
corresponding to randomly selected gene pairs, and sorted them in in-
creasing order. Srand is then divided into M groups of equal size, i.e.,
each group contains |Srand|/M elements. Here, |Srand| corresponds to
the number of elements in Srand. It is easy to realize that the upper cutoff
correlation coefﬁcient of any of these groups ri (i=1 to M) is equal to
the i×|Srand|/Mth element of Srand. Let us assign the ﬁrst element, i.e.,
the smallest element of Srand, to r0. Next, the χ2-value for any targeted
set was calculated by Eq. (1).
χ2 ¼
XM
s¼i
ni−T=Mð Þ2
T=M
ð1Þ
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relation coefﬁcients satisfy the relationri−1≤rbri, and T is the num-
ber of all gene pairs in a targeted set. In this study we considered
M=20. The p-values were then obtained using the χ2-distribution
for degree of freedom φ=M−1.
2.4. Detection of neighboring gene pairs with statistically correlated
expression proﬁles
A. thaliana has ~27,000 genes, but expression intensities of only
22,591 genes are measured by an ATH1 Genome array, i.e., this
array does not cover the complete gene set. Therefore, correlation
coefﬁcients for all possible neighboring gene pairs could not be
calculated. Neighboring gene pairs were determined by considering
the location of the genes on the ﬁve chromosomes; eventually, we
calculated correlation coefﬁcients for 16,972 immediately neighbor-
ing gene pairs. Let us call this set of correlation coefﬁcients Nreal. It
should be noted that a group of n consecutive genes is associated
with n−1 correlation coefﬁcients. Here, our objective is to select
groups of neighboring genes with statistically signiﬁcant correlation
values, based on FDR. The FDR corresponding to a number of gene
pairs x and signiﬁcance level α were calculated as follows:
Step 1. Randomly select x correlation coefﬁcients fromNreal and calculate
their average.
Step 2. Step 1 is repeated 100,000 times to obtain a set of all averages.
R xð Þ ¼ ; i ¼ 1; 2;…; 100;000f g
Step 3. Sort the elements of R(x) in descending order, and select the
correlation threshold Thr(α) corresponding to the highest α% of R(x).
Let us call the count of highest α % of R(x) as Nrand(α ). While counting
the highest α % of R(x), we discarded any element associated with
negative correlation coefﬁcient.
Step 4. Count the groups of x consecutive correlation coefﬁcients in
Nreal which are all positive and whose average is≥Thr(α); name it
as Nreal(α).
Step 5. Calculate FDR(α)=Nrand(α)/Nreal(α)
In the present study, we repeated the above process for x=1, 2, 3, 4,
5, 6, 7, 8 and 9 and α=0.001, 0.005, 0.01, 0.05, 0.1, 0.5 and 1.0
corresponding to each value of x.
2.5. Annotation of gene function
Genes were ﬁrst annotated using the “Arabidopsis Gene Classiﬁer”
(Takahashi et al., 2009) which was constructed based on published
datasets (MIPS (Mewes et al., 2002), RARTF (Iida et al., 2005), and
other speciﬁc datasets (Shiu and Bleecker, 2001; Wintz et al., 2003))
and by surveying references. The relationships of operon-like gene
clusters selected in the present study to functions were estimated by
χ2-statistic calculated using Eq. (2).
χ2 ¼
Xr
i¼1
ni−N tiT
 2
N tiT
ð2Þ
Here, ni and ti are respectively the actual and expected (estimated
by Arabidopsis Gene Classiﬁer) numbers of genes in a cluster belong-
ing to the ith function class (i=1, 2,…, r). N is total number of genes
in the cluster and T is the sum of ni. The number of function r was set
to 22 by removing unknown gene class.The p-values were then obtained using the χ2-distribution for de-
gree of freedomφ=r−3. Finally, we corrected the χ2-value using
Bonferroni method (Holm, 1979).
Also, we determined the number of similar function genes in a
cluster in the context of GO slim terms using the GO annotation search
tool available at the TAIR website (http://www.arabidopsis.org/tools/
bulk/go/index.jsp ) (Supplementary Table 1). To further conﬁrm the
statistical signiﬁcance of the operon like gene clusters, we calculated
their enrichment p-values based on hypergeometric distribution in
the context of gene ontology terms using GOSTATS (Falcon and
Gentleman, 2007) (Supplementary Table 2).
3. Results and discussion
3.1. Co-expression of neighboring genes of A. thaliana
Operons usually consist of co-regulated neighboring genes; there-
fore, if there exist operon-like gene clusters in the A. thaliana genome,
there should be some bias in the distribution of correlation coefﬁ-
cients of neighboring genes, as determined based on their expression
proﬁles. In this study, we initially considered 14 sets of targeted
neighboring gene pairs. Of these, four sets are immediate neighbors,
i.e., pairs of adjacent genes arranged in tandem (→→), convergent
(→←) or divergent (←→) directions, and a set consisting of all of
them together designed as Total N0. The other 10 sets consist of
near-neighbor gene pairs, i.e., genes separated by 1 to 10 genes
(designated as N1 to N10).
Statistical signiﬁcance of co-expression for targeted gene pairs is
assessed on the basis of χ2-statistics, by comparing the distribution of
Pearson correlation coefﬁcients between targeted gene pairs and ran-
domly selected genepairs (seeMaterials andmethods). Fig. 1 shows adif-
ference between the distributions of randomly selected gene pairs and
the following sets of targeted gene pairs: tandem (→→), convergent
(→←), divergent (←→), Total N0, and near-neighbor sets N1 to N4. In
the case of tandem pairs the χ2-value (χ2=1316.15; p=1.2×10−267)
is much larger than in the cases of convergent (χ2=104.5; p=
8.16×10−14) or divergent (χ2=403.57; p=7.95×10−74) pairs. Thus,
neighboring genes with tandem orientation are more likely to be
co-expressed thanother types of neighbors. In the humangenome, neigh-
boring genes that are transcribeddivergently aremore frequent and show
particularly strong co-expression (Trinklein et al., 2004). However, in A.
thaliana, all types of neighboring genes show highly signiﬁcant correla-
tions in their expression proﬁles. Notice that in Fig. 1, the rightmost
parts, corresponding to the correlation values between0.9 and1.0, always
show the highest bias.
The χ2-values of near-neighbor sets from N1 to N4 on the right
side of Fig. 1 (χ2=442.48, p=6.14×10−82 in N1; χ2=253.17, p=
7.04×10−43 in N2, χ2=123.71, p=2.23×10−17 in N3, χ2=
125.75, p=9.26×10−18 in N4) indicate that the χ2-value gradually
decreases with the number of genes separating a neighboring pair.
However, χ2-values of the near-neighbor sets are always less than
that of the combined set of immediately adjacent gene pairs (Total
N0). Fig. 2 shows that the abundance of gene pairs with high
co-expression is much higher for all the targeted sets, even up to
N10, than that of random pairs which is consistent with the fact
that 5–10% of A. thaliana genes are located in highly co-expressed
clusters of two to four neighboring genes (Ren et al., 2005; Zhan
et al., 2006).
The mechanisms of co-expression of clustered genes in eukaryotic
genomes obviously pertain to co-regulation of transcription. These
mechanisms can be classiﬁed into local ones, such as the utilization
of bidirectional promoters or common enhancers, and global ones,
such as distinct chromatin structure that translates into a similar
expression patterns of genes in a speciﬁc region of a chromosome
(Hurst et al., 2004). Although chromatin-level regulation is often con-
sidered important (Cremer and Cremer, 2001; Sproul et al., 2005), the
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Fig. 1. Difference in the distribution of p-values of Pearson correlation coefﬁcients between random gene pairs and targeted gene pairs. The p-values, which range from 0.0 to 1.0,
correspond to Pearson correlation coefﬁcients, which range from −1.0 to 1.0. (a) The combined set of immediately neighboring gene pairs; (b) neighboring gene pairs aligned in
tandem; (c) convergent; (d) divergent; (e)–(h) near-neighbor gene pairs separated by one to four genes.
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that local mechanisms of co-regulation could be decisive (Semon and
Duret, 2006). We showed that among 16,972 immediately adjacentFig. 2. χ2-values corresponding to 14 sets of targeted gene pairs as follows: gene pairs
arranged in tandem (→→), convergent (→←) and divergent (←→) directions; and all of
them together (designated as Total N0); and 10 sets of near-neighbor gene pairs, i.e., gene
pairs separated by 1–10 genes (designated as N1 to N10). Dotted line indicates score 50.gene pairs, there is a bias in terms of the abundance of co-expressed
gene pairs compared to randomly selected gene pairs. Thus, co-
expressed neighboring gene groups exist in A. thaliana; it is therefore
realistic to apply an appropriate statistical method to extract clusters
of genes in genome with signiﬁcant co-expression.
3.2. Operon-like gene clusters
Our objective was to select gene groups with statistically signiﬁ-
cant correlation coefﬁcients from among a large set of 16,972 gene
pairs. For this purpose, it was appropriate to use a method based on
FDR (Benjamini and Hochberg, 1995), because if we select gene
groups based on traditional p-values, the problems associated with
multiple testing might result in a high rate of false positives. The
method was based on comparisons of average correlation values bet-
ween consecutively selected gene groups and randomly selected gene
groups of equal size. The comparisonwas performed by estimating the
distribution of average correlation of randomly selected gene groups
based on a sampling of 100,000 iterations. The details of the present
method are described in Materials and methods. Using this method,
we selected a number of groups of 2–10 genes for several values of
signiﬁcance level α, and we also determined the corresponding FDR
(α). It is noteworthy that a group of n consecutive genes is associated
with n-1 correlation coefﬁcients. After selection of the signiﬁcant gene
groups, we deduced the ﬁnal clusters by merging them, mainly based
on their overlap.
Fig. 3. (a) Relationship between statistical signiﬁcance level(α) and FDR for gene
groups of different sizes, indicated by different shapes and colors as follows: 3—red
circle, 4—red triangle, 5—red square, 6—red rectangle, 7—blue circle, 8—blue triangle,
9—blue square, 10—blue rectangle. (b) The relationship (ﬁtted to a second order equa-
tion) between FDR and the FDR-corrected estimated number of gene groups of different
sizes, indicated by different line styles and colors as follows: 3 (red,―), 4 (red, ————),
5 (red, -∙−∙−∙−∙−), 6 (red, -∙∙−∙∙−∙∙−), 7 (blue,―), 8 (blue,————), 9 (blue, -∙−∙−∙−),
10 (blue, -∙∙−∙∙−∙∙−). The peaks (correlations showing quality of curve ﬁtting) are
57 (0.911), 82 (0.969), 85 (0.933), 86 (0.977), 90 (0.929), 103 (0.914), 92 (0.960) and
77 (0.996) for groups of sizes 3, 4, 5, 6, 7, 8, 9 and 10, respectively.
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hence, we removed them from the analysis. Fig. 3(a) plots the FDR
against the signiﬁcance level α for other gene groups (i.e., gene
groups of size 3–10). It should be noted that in Fig. 3(a), FDR is always
less than 0.1 for values of α up to 0.01%; thus, this method allows us
to control the rate of false positives while selecting statistically signif-
icant gene groups. For some signiﬁcance levelα, if we ﬁndN gene groups
of a certain size, we can estimate the number of FDR-corrected signiﬁcant
gene groups as (1−FDR (α))×N. Fig. 3(b) shows the relationship (ﬁtted
to a second order equation) between FDR and the FDR-corrected estimat-
ed number of gene groups. The quality of curve ﬁtting is certiﬁed by high
correlations (r>0.911) between real and predicted values. Hence, we can
estimate themaximumpossible number of operon-like gene clusters inA.
thaliana by taking into consideration the peak points of Fig. 3(b), which
correspond to an FDR value of ~0.5. Fig. 3(a) shows that α=0.5% corre-
sponds to FDR value of ~0.5. By determining the gene groups of sizes 3
to 10 corresponding to α=0.5%, and merging them based on overlap,
weobtained201gene clusters. After correction,wepredict thatA. thaliana
has (1−0.5)×201=100 operon-like gene clusters, at most.
In case of α=0.01%, a total of 212 gene groups of different sizes
were obtained; these were merged based on exclusive relation to 34
gene clusters (i.e., no common gene between any two clusters), as
shown in Table 2. Out of these clusters, 34×(1−0.07)=32 are
expected to be statistically signiﬁcant, because the maximum FDR
corresponding to α=0.01% is 0.07, as shown in Fig. 3(a). Although
neighboring genes tend to be co-expressed in A. thaliana (Williamsand Bowles, 2004), only one cluster consisting of four genes (the thal-
ianol pathway enzymes) has been clearly demonstrated to function as
an operon, i.e., consisting of co-regulated and functionally related
genes (Field and Osbourn, 2008). In this study, we focused on gene
clusters using a stringent signiﬁcance level, α=0.01%, and tried to
characterize the clusters by sequence similarity and functional rela-
tionships among the constituent genes.
Duplicated genes are supposed to inﬂuence co-expression statistics
due to their commonorigin (Lercher et al., 2003), although inA. thaliana
only a minor fraction of duplicated genes was actually co-expressed
(Ren et al., 2005). The occurrence of duplicated pairs in clusters was de-
termined with pairwise protein BLAST using an E-value cutoff b10−5
(Fukuoka et al., 2004; Lercher et al., 2003; Williams and Bowles,
2004). As shown in Table 2, 27 clusters contain duplicated genes, i.e.,
genes with high sequence similarity, which are indicated by gene
names written in identical colors other than black.
Weuse the abbreviation CID (cluster ID) to refer to a cluster according
to the order as shown in Table 2. Many of the clusters are related to
speciﬁc gene functions based on ontology classiﬁcation obtained from
The Arabidopsis Information Resource (TAIR), as follows: ﬁve clusters
(CID=9, 18, 23, 28,32) are associated with metabolism; ﬁve clusters
(CID=6, 8, 15, 24, 31) with cell rescue, defense and virulence; three
clusters (CID=3, 7, 22) with cellular communication/signal transduc-
tion; and one cluster each (CID=6, 27) with protein synthesis, storage
protein, and transcription. To characterize the other clusters we used
the results obtained from GO analysis as shown in supplementary Table
2. All three genes of CID1 respond to biotic stimulus and seven of the
nine genes of CID3 respond to auxin stimulus. Genes of CID5 are related
to protein phosphorylation. Almost all genes of CID14 are localized in
chloroplast. Several genes of CID30 are related to lipid transport. Almost
all genes of CID33 are related to metal ion binding and several genes of
CID34 are related to ATPase activity. Thus, it has been possible to assign
enrichment function category tomajority of the clusters. Next, we discuss
further details about these clusters using known and relevant molecular
biological knowledge.
Several papers previously indicated that in plants, genes for most
metabolic pathways are not clustered; however, clustering does facilitate
the inheritance of beneﬁcial combinations of genes (Gierl and Frey, 2001;
Qi et al., 2004; Wong and Wolfe, 2005). Disruption of metabolic gene
clusters can lead to accumulation of deleterious intermediates (Mylona
et al., 2008). Of ﬁve clusters (CID=9, 18, 23, 28, 32) associated with
metabolism, three clusters (CID=18, 23, 32) include P450 genes which
are involved in species-speciﬁc metabolic activities (Mizutani and Ohta,
2010). Four oxidosqualene cyclase genes (OSC; At4g15340, At4g15370,
At5g48010, and At5g36150) clustered with P450 genes in Arabidopsis
genome, only exist in the Brassica family and are predicted to be involved
in secondary metabolism (Field and Osbourn, 2008); two of these genes
are included in CID23. A gene cluster consisting of four P450 genes
(At5g48010, At5g48000, At5g47990, At5g47980) has been determined
to act as an operon, i.e., the four genes in the cluster are co-expressed
and encode enzymes that catalyze a series of reactions involved in
thalianol metabolism (OSC, CYP708, CYP705 and acyltransferase, respec-
tively) (Field and Osbourn, 2008). Gene order in the genome for three of
these genes (At5g48010, At5g48000, At5g47990) is conserved in the
closely related species A. lyrata (Amoutzias and Van de Peer, 2008). It is
worth mentioning that in this study, all these genes were clustered in
CID32, implying that these four genes are co-expressed in large number
of arrays.
Hypergeometric p-values corresponding to both CID23 and CID32 are
signiﬁcant in the context of theGO term triterpenoid biosynthetic process
supporting the fact that genes in these clusters are related to secondary
metabolic process. Based on p-values, CID23 can also be associated to
GO terms oxygen binding, heme binding and electron career activity.
Mizutani and Ohta (2010) pointed out that in the Arabidopsis ge-
nome, two oxidosqualene cyclase genes (OSCs) are clustered with
P450 genes. One OSC is implicated in the baruol biosynthesis pathway
Table 2
Gene clusters of neighboring genes of Arabidopsis determined on the basis of statistically signiﬁcant co-expression. Gene names written in identical colors other than black imply high sequence similarity determined by BLAST search. The bottom
part shows the number of genes in a cluster belonging to particular function and the numbers which are greater than or equal to 50% of the cluster size and are bold faced. Signiﬁcance levels are represented by “*” for 5% and “**” for 1%.
Chromosome
Cluster ID (CID) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
At1g14930 At1g23530 At1g29430 At1g39270 At1g51830 At1g52050 At1g63450 At1g72820 At1g75850 At2g07190 At2g07620 At2g11210 At2g19720 At2g21320 At3g16430 At3g21830 At3g22240
At1g14940 At1g23540 At1g29440 At1g39350 At1g51840 At1g52060 At1g63460 At1g72830 At1g75860 At2g07200 At2g07630 At2g11220 At2g19730 At2g21330 At3g16440 At3g21840 At3g22250
At1g14950 At1g23550 At1g29450 At1g39430 At1g51850 At1g52070 At1g63470 At1g72840 At1g75870 At2g07230 At2g07672 At2g11230 At2g19740 At2g21340 At3g16450 At3g21850 At3g22260
At1g23560 At1g29460 At1g40150 At1g51860 At1g52080 At1g63480 At1g72850 At1g75880 At2g07240 At2g07673 At2g11240 At2g19750 At2g21370 At3g16460 At3g21860 At3g22290
At1g23570 At1g29470 At1g40230 At1g63490 At1g72860 At1g75890 At2g07280 At2g07680 At2g11270 At2g21380 At3g22300
At1g23580 At1g29480 At1g41795 At1g63500 At1g72890 At1g75900 At2g07290 At2g07690 At2g11360 At2g21385 At3g22310
At1g23590 At1g29490 At1g41797 At1g63540 At1g72900 At1g75910 At2g07300 At2g07691 At2g11370 At3g22320
At1g23600 At1g29500 At1g41810 At1g63550 At1g72920 At1g75920 At2g07320 At2g07692 At2g11680 At3g22340
At1g23610 At1g29510 At1g41820 At1g63560 At1g72930 At1g75930 At2g07330 At2g07693 At2g11690 At3g22350
At1g23630 At1g41825 At1g63580 At1g72940 At1g75940 At2g07701 At2g11890 At3g22360
At1g23640 At1g41860 At1g63590 At1g72950 At2g07702 At2g11910 At3g22370
At1g23650 At1g41870 At1g63600 At2g07705 At2g12170 At3g22380
At1g23670 At2g07706 At2g12190 At3g22400
At1g23680 At2g07713 At2g12210 At3g22430
At1g23690 At2g07714 At2g12230 At3g22435
At1g23700 At2g07715 At3g22440
At2g07718
At2g07719
At2g07721
At2g07722
At2g07724
At2g07725
Number of Genes 3 16 9 12 4 4 12 11 10 9 22 15 4 6 4 4 16
Cell cycle
and DNA processing 1 1
Cell fate
Cell rescue, defense
and virulence
1 3 8 1 4
Cellular communication
/ Signal transduction
2 6 4 6 1
Metabolism 1 7 2 2 2
Protein fate(folding,
modification, destination)
1 1 4 1
Protein synthesis 4 1
Storage protein
Transcription 3 1 1 1 1 2
Transport facilitation 1 1 1 1
Transposable elements,
viral and plasmid proteins
1 3 4 1
Unclassified proteins 3 14 2 11 2 2 5 19 7 1 9
Significance level N/A - ** - - ** - ** - ** * ** ** ** ** ** **
Significance level
(Bonferroni correction)
N/A - - - - - - ** - ** - * ** ** ** - -
1 2 3
(continued on next page)
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Table 2 (continued)
Chromosome
Cluster ID (CID) 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34
At3g26210 At3g28770 At3g30396 At4g05190 At4g12470 At4g15330 At4g16860 At4g22030 At4g23130 At4g27120 At5g07440 At5g28550 At5g38120 At5g45420 At5g47980 At5g52670 At5g61660
At3g26220 At3g28780 At3g30400 At4g05200 At4g12480 At4g15340 At4g16870 At4g22040 At4g23140 At4g27130 At5g07450 At5g28560 At5g38130 At5g45430 At5g47990 At5g52680 At5g61670
At3g26230 At3g28790 At3g30440 At4g05210 At4g12490 At4g15350 At4g16880 At4g22050 At4g23150 At4g27140 At5g07460 At5g28570 At5g38140 At5g45480 At5g48000 At5g52690 At5g61700
At3g26270 At3g28830 At3g30450 At4g05230 At4g12500 At4g15360 At4g16890 At4g22060 At4g23180 At4g27150 At5g07470 At5g28580 At5g38150 At5g45490 At5g48010 At5g52710 At5g61710
At3g26280 At3g28840 At3g30480 At4g05240 At4g12510 At4g15370 At4g22070 At4g23190 At4g27160 At5g07510 At5g28590 At5g38160 At5g45500 At5g48020 At5g52720 At5g61720
At3g26290 At3g30490 At4g05250 At4g15380 At4g22080 At4g23200 At4g27170 At5g07520 At5g38170 At5g45510 At5g48030 At5g52740 At5g61730
At3g26300 At3g30500 At4g05260 At4g15390 At4g22120 At4g23210 At5g07530 At5g38180 At5g45530 At5g52750 At5g61740
At3g26310 At4g05270 At4g15400 At4g22130 At4g23220 At5g07540 At5g38210 At5g45540 At5g52760
At3g26320 At4g05280 At4g15410 At4g22140 At4g23230 At5g07550 At5g38220 At5g52770
At4g15415 At4g22150 At4g23240 At5g07560 At5g38290 At5g52780
At4g22160 At4g23250 At5g38300
At4g22190 At4g23260
At4g22200 At4g23270
At4g23280
At4g23290
At4g23300
At4g23310
At4g23320
At4g23330
At4g23400
At4g23410
At4g23420
Number of Genes 9 5 7 9 5 10 4 13 22 6 10 5 11 8 6 10 7
Cell cycle
and DNA processing
1 1
Cell fate 1
Cell rescue, defense
and virulence
1 3 3 1
Cellular communication
/ Signal transduction
1 2 1 18 1 1
Metabolism 9 6 1 1 7 2 3
Protein fate(folding,
modification, destination)
1 7 1 2 2 1
Protein synthesis 1 1
Storage protein 4
Transcription 2 1 2 1
Transport facilitation 5 1 1 3 3
Transposable elements,
viral and plasmid proteins
1
Unclassified proteins 5 4 2 6 1 3 3 3 3 9 4
Significance level - N/A - ** ** - * ** ** ** - ** * - * - -
Significance level
(Bonferroni correction)
- N/A - ** * - - * ** ** - * - - - - -
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63M. Wada et al. / Gene 503 (2012) 56–64consisting of At4g15370 (BARS1; OSC), At4g15360 (CYP705A3), and
At4g15350 (CYP705A2). The other OSC is implicated in the arabidiol
biosynthetic pathway consisting of At4g15340 (ATPEN1; OSC) and
At4g15330. CID23 includes all these genes associated with the bio-
synthetic pathways of Baruol and Arabidiol, which are regulated
simultaneously.
Nine of the P450 genes are clustered in CID18 (CYP71B23,
At3g26210; CYP71B3, At3g26220; CYP71B24, At3g26230; CYP72B25,
At3g26270; CYP72B4, At3g26280; CYP71B26, At3g26290; CYP71B34,
At3g26300; CYP71B35, At3g26310; CYP71B36, At3g26320). The P450s
belonging to CYP71B subfamily genes in plants are classiﬁed into non-A
type, which contribute to diversiﬁed biosynthesis of species-speciﬁc sec-
ondary metabolites. All nine genes of CID18 are associated with the GO
term oxidation-reduction process, oxygen binding, heme binding, elec-
tron career activity etc. These CYP71B subfamily genes clustered in
CID18 are found within a small region on chromosome 3 harboring 17
P450 genes belonging to CYP71B subfamily. Current results indicated
that at least nine out of these P450 genes were co-expressed, implicating
the possibility that they are involved in speciﬁc metabolic activities yet to
be clariﬁed.
Furthermore, our results show genes with related functions form
co-expressed gene clusters in the genome. This is true for proteins in-
volved in the cytosolic ribosome (CID13; RPS15AB, RPL28A, RPL31A,
RPS30A); the ubiquitin–proteasome system (CID=16, 21); lipid and
fatty-acid metabolism (CID9; EXL1, 2, 3, 4, 5, 6, ATA27 and CID28;
GRP14, 18, 17, 16, 19, 20); lipid transfer (CID=22, 30); and carbohy-
drate metabolism (CID22). This observation suggests that in the Ara-
bidopsis genome, neighboring genes involved in the same biological
processes (e.g., components of the proteasome, ribosome, replicon and
fatty acid biosynthesis) should be co-regulated in order to coordinate
gene-dosage. In other words, these genes are co-regulated because
their encoded proteins serve as components of a bio-machinery system
(Williams andBowles, 2004). Furthermore, our results suggest previous-
ly unknownmechanisms for cross-regulation of independently localized
operon-like gene clusters. A systemof self-other discrimination is repre-
sented by mate recognition molecules in ﬂowering plants. CID9 con-
tains extracellular lipase family II genes (At1g75880, EXL1; At1g75890,
EXL2; At1g75900, EXL3; At1g759, EXL4; At1g75920, EXL5; At1g75930,
EXL6), and CID28 contains the gene cluster for glycine-rich protein/
oleosins (At5g07510, GRP14; At5g07520, GRP18; At5g07530, GRP17;
At5g07540, GRP16; At5g07550, GRP19; At5g07560, GRP20) expressed
in plant reproductive organs. It has been reported that these lipases
and oleosins constitute more than 90% of pollen coat proteins and are
involved in the initiation of pollen hydration on the stigma (Mayﬁeld
et al., 2001). That is, the independent gene clusters revealed as CID9
on chromosome 1 and as CID29 on chromosome 5 are co-expressed to
be integrated into the pollination processes. These clusters imply that
plant genomes contain functional gene clusters that confer an adaptive
advantage. The recent selection for rapid formation of these metabolic
gene clusters is likely to have been intense, driven by the need to
adapt to different environmental conditions. This observation implies
remarkable genome plasticity.
This study also identiﬁed highly co-expressed neighboring genes as-
sociated to GO enrichment terms defense response and immune re-
sponse (CID=8, 24). Nine of eleven genes of CID8 (At1g72850,
At1g72860, At1g72890, At1g72900, At1g72920, At1g72930, At1g72940,
At1g72950) are related to the GO term defense response and it is note-
worthy that these genes were already reported to be co-expressed
(Meyers et al., 2002). CID24 consists of four immune response genes
(RPP4, At4g16860; Copia4, At4g16870; At4g16880; SNC1, At4g16890);
interestingly these four genes were previously determined as one group
of 226 highly co-expressed neighboring genes in Arabidopsis (Yi and
Richards, 2007; Zhan et al., 2006).
We used a stringent FDR value of 0.1 to keep the number of false
positives very low. However by relaxing the FDR more OLCs can be
detected e.g. if we use FDR value about 0.25, we can obtain 57 clustersand one of those corresponds to metabolic pathway associated with
marneral which has also been recently reported (Field et al., 2011)
(Supplementary Table 3).
Operons are commonly found inprokaryotic genomes. It has also been
reported that Caenorhabditis elegans has~900 operons (Blumenthal
and Gleason, 2003). In this study, we estimated that A. thaliana con-
tains 100 operon-like gene clusters. This number is much lower than
that in C. elegans, in which operons are derived from a unique trans-
splicing event that converts polycistronic pre-mRNA intomonocistronic
mRNAs (Spieth et al., 1993). Many secondary metabolite gene clusters
are present in several fungal genomes; several of their products act as
plant and animal virulence factors (Yu and Keller, 2005). It might be
predicted that operon-like gene clusters in A. thaliana correspond to
those in fungi becausemost of the gene clusters in Table 2 are character-
ized by (i) metabolism and (ii) cell rescue, defense and virulence,
supporting the fact that the roles ofmost of the operon-like gene clusters
in plant are mostly concentrated on defense against pests and disease.
4. Conclusions
In this study, we have predicted that Arabidopsis genome has about
100 operon-like gene clusters and characterized 34 statistically signiﬁ-
cant clusters, each consisting of 3 to 22 genes, on a stringent FDR thresh-
old of 0.1. A number of the gene pairs included in 27 of these clusters are
duplicated pairs, based on BLAST using a cutoff of Eb10−5. Five clusters
are associated with metabolism, containing P450 genes restricted to the
Brassica family, and are predicted to be involved in secondary metabo-
lism. Furthermore, we showed that genes for ribosomal proteins, the
ubiquitin–proteasome system, lipid and fatty-acid metabolisms, lipid
transfer, and carbohydrate metabolism also formed separate co-
expressed gene clusters in the genome. The number of gene-clusters
identiﬁed using a stringent upper cutoff FDR value of 0.1 is much fewer
than are present in bacterial species. Nevertheless, genes included in
these operon-like clusters in A. thaliana share similar biological functions
and are likely to form functional bio-machineries.
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